Despite the fact that fetal Leydig cells are recognized as the primary source of androgens in male embryos, the mechanisms by which steroidogenesis occurs within the developing testis remain unclear. A genetic approach was used to visualize and isolate fetal Leydig cells from remaining cells within developing mouse testes. Cyp11a1-Cre mice were bred to mT/mG dual reporter mice to target membrane-tagged enhanced green fluorescent protein (GFP) within steroidogenic cells, whereas other cells expressed membrane-tagged tandem-dimer tomato red. Fetal Leydig cell identity was validated using double-labeled immunohistochemistry against GFP and the steroidogenic enzyme 3beta-HSD, and cells were successfully isolated as indicated by qPCR results from sorted cell populations. Because fetal Leydig cells must collaborate with neighboring cells to synthesize testosterone, we hypothesized that the fetal Leydig cell microenvironment defined their capacity for androgen production. Microfluidic culture devices were used to measure androstenedione and testosterone production of fetal Leydig cells that were cultured in cell-cell contact within a mixed population, were isolated but remained in medium contact via compartmentalized co-culture with other testicular cells, or were isolated and cultured alone. Results showed that fetal Leydig cells maintained their identity and steroidogenic activity for 3-5 days in primary culture. Microenvironment dictated proficiency of testosterone production. As expected, fetal Leydig cells produced androstenedione but not testosterone when cultured in isolation. More testosterone accumulated in medium from mixed cultures than from compartmentalized co-cultures initially; however, co-cultures maintained testosterone synthesis for a longer time. These data suggest that a combination of cellcell contact and soluble factors constitute the ideal microenvironment for fetal Leydig cell activity in primary culture.
INTRODUCTION
It has been more than 60 years since the discovery that the testis provided resources responsible for the perpetuation of the Wolffian duct and secondary sex characteristics in male embryos [1] . Since then, we have learned that testosterone is the primary androgen necessary to masculinize the brain, maintain the Wolffian duct system, and facilitate proper formation of secondary sex organs and internal and external genitalia in mammalian male fetuses. Complete disruption of androgenic activity results in feminized external genitalia and brain and nonfunctional internal genitalia. Although such extreme cases are rare, some of the most common birth defects are caused by subtle deficiencies in masculinization, including hypospadias and cryptorchidism [2] . Disorders of masculinization are attributed to abnormal fetal androgen synthesis or activity and are increasing at an alarming rate in industrialized countries exposed to widespread use of endocrine disruptors, suggesting a causal link [3] . Unfortunately, our understanding of mechanisms giving rise to deficiencies in androgen production or activity during fetal development has been severely limited by the lack of appropriate experimental models for the study of fetal Leydig cells. Our progress toward understanding, diagnosis, and treatment or prevention of these disorders would greatly benefit from experimental tools with which to study androgen-producing cells during development within the fetal testis.
Both fetal and adult testes produce testosterone; however, the source and regulation of steroid synthesis differs depending on life stage. In the adult testis, testosterone is synthesized within the interstitial Leydig cell under control of luteinizing hormone and the hypothalamic-pituitary-gonadal axis. Adult Leydig cells originate from undifferentiated mesenchymal-like stem cells shortly after birth and progress through distinct stages of development to produce terminally differentiated cells that generate high levels of testosterone [4] . The current view is that adult Leydig cells arise as a distinct population from fetal Leydig cells; however, it is hypothesized that both adult and fetal Leydig cells originate from common precursor cells [5] [6] [7] .
In contrast to the adult Leydig cell, the onset of fetal Leydig cell androgen synthesis is gonadotropin-independent [8] [9] [10] . Increasing numbers of fetal Leydig cells appear within the mouse testis interstitium approximately 24 h after Sertoli cells differentiate and initiate expression of the morphogen desert hedgehog (Dhh) [11] [12] [13] . The numbers of fetal Leydig cells increase dramatically between embryonic Day (E)12.5-15.5 in the mouse; however, they do not proliferate during this time [14] [15] [16] [17] . Instead, their expanded numbers have been attributed to differentiation of progenitor cells that have migrated into the testis from the coelomic epithelium and the gonad-mesonephros border [10, 14, [18] [19] [20] . Recent studies suggest that fetal Leydig cell numbers and activity are initially controlled by a balance between DHH stimulatory and Notch inhibitory signals that act upon a population of interstitial cells that express steroidogenic factor 1 (SF1) [7, 19, 21, 22] .
Another distinguishing feature of fetal Leydig cells is that they do not synthesize testosterone on their own. Although adult Leydig cells express all steroidogenic enzymes required for testosterone synthesis, fetal Leydig cells produce androstenedione, which must be converted to testosterone by 17b-hydroxysteroid dehydrogenase-type 3 (HSD-17B3) activity that is expressed exclusively within fetal Sertoli cells [23, 24] . In sum, maintenance and regulation of fetal Leydig cell identity and steroidogenic activity is extremely complex and is likely dependent on the local microenvironment, which includes interactions with Sertoli cells and possibly neighboring interstitial cells that may include peritubular myoid, endothelial, and perivascular cell types [19, 22] .
Adult Leydig cell biology has been extensively characterized due to the availability of established methods to isolate and purify primary cell cultures and relevant immortalized cell lines [25] [26] [27] [28] . In contrast, significant barriers limit our ability to study fetal Leydig cells, as follows: 1) the ability to isolate these cells given their small population size; 2) their rapidly changing biology within developing testes; and 3) the lack of fetal Leydig cell lines. Here we report a genetic approach that used two commercially available strains of mice that facilitated isolation of fetal Leydig cells from developing testes. To overcome the problem of working with a small population of cells, we developed microfluidic devices that enabled high cell density culture conditions. A key feature of the platform was the ability to compartmentalize small populations of cells in controlled microenvironments that could better reflect physiological conditions and enable cell-cell interaction studies [29, 30] . Microchannel culture is also well suited for studying steroidogenesis [31] . Herein, we present new tools that facilitated study of the fetal Leydig cell population in primary culture and enabled manipulation of the microenvironment. Our goal was to capitalize on microtechnology to discover molecular targets of fetal testis steroidogenesis so that we might prevent and treat disorders of masculinization that impact both fetal and adult male health. ; stock 007576; Jackson Laboratory, Bar Harbor, MD) [32] were bred to heterozygous Cyp11a1-Cre mice (B6;129P-Cyp11a1 tm1 [GFP/cre] Pzg /J; stock 010988; Jackson Laboratory) [33] . The presence of a vaginal plug the next morning was designated gestation or embryonic Day 0.5 (E0.5). The urogenital ridge (testis and mesonephros together) of mice heterozygous for both mT/mG and Cyp11a1-Cre were collected between E13.5 and E15.5. Genotype was distinguished by detection of both green fluorescent protein (GFP) and tomato red (TR) fluorescent protein by examination with a M165 model dissecting microscope (Leica, Buffalo Grove, IL). All procedures described were reviewed and approved by the Institutional Animal Care and Use Committee at University of Wisconsin and were performed in accordance with National Institutes of Health Guiding Principles for the Care and Use of Laboratory Animals.
MATERIALS AND METHODS

Mice
Fluorescence-Activated Cell Sorting
Male urogenital ridges were harvested between E13.5 and E15.5 and dispersed for 1 h at 378C in 1 ml of a 1:7 mixture of 10 mg/ml collagenase (type 1A; Sigma, St. Louis, MO) in Dulbecco modified Eagle medium (DMEM; Hyclone, Logan, UT) supplemented with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin. The cells were then centrifuged at 1400 rpm for 5 min at room temperature and placed in fresh DMEM. Cell sorting was performed using a FACSAria II unit (BD Biosciences, Franklin Lakes, NJ) equipped with UV, 405 nm, 488 nm, 532 nm, and 640 nm lasers and FACSDiva software (BD Biosciences). Live intact cells were identified with forward and side scatter, singlet gates, and ultraviolet (405 nm) detection of 4 0 ,6-diamidino-2-phenylindole (DAPI) staining. Fluorescence-labeled cells were gated using lasers to identify peak excitation activity for EGFP (532 nm laser, 525/50 nm filter) versus TR (532 nm laser, 610/20 nm filter). Cells were gated accordingly and sorted into TR hi/GFP hi, TR hi/GFP lo, and TR lo/GFP hi populations. A 130-lm nozzle at 14 psi was used to sort cells into four 1.2-ml cluster tubes lined with 40 ll of DMEM, 10% fetal bovine serum, and 100 U/ml penicillinstreptomycin and then were processed further for RNA analysis or placed into culture.
Quantitative PCR
Total RNA was isolated using TRIzol as described by the manufacturer (Invitrogen, Carlsbad, CA). RNA (360 ng) from fluorescence-activated cellsorted (FACS) cells was used for reverse transcriptase (RT) reactions using a Super-Script II cDNA first-stand synthesis system (Invitrogen). Quantitative real-time PCR was performed using a 10-ll volume with 1 ll of SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA), 2 ll of 1:4-diluted cDNA, and 300 nM of primer. Reactions were carried out with a 7300 model real-time PCR system (Applied Biosystems). Results were calculated using the comparative C T method and normalized to 36B4 RNA, using RNA collected from at least three separate biological replicates [34] . Primers are listed in Table  1 .
Device Fabrication
Both mixed culture and co-culture device arrays were fabricated from three layers of polystyrene (PS; Goodfellow, Inc., UK). The top layer enclosed the channels and provided holes through which the pipette could load cells, change medium, and allow oxygen permeation (see side view of device schematic in Figs. 3 and 5) . In both mixed culture and co-culture devices, top layers were CNC milled (PCNC770 machine; Tormach, Waunaki, WI) from 0.125 mm PS. The middle layer in both mixed culture and co-culture devices consisted of channels that were milled from 1.2 mm PS, resulting in 1.2-mm deep culture channels. In the co-culture device, a diffusion channel (100 lm across and 50 lm deep) was milled in the middle PS sheet. The diffusion channel allowed the fetal Leydig and remaining cell populations to be selectively seeded into their respective culture regions while still allowing soluble factor signaling between the two culture regions. Finally, the bottom layer (which provided the base of the microfluidic channel and the surface on which cells were cultured) consisted of a 0.125-mm PS sheet with no additional fabrication. Thermal bonding was used to bond the three PS layers together [35] . Briefly, the bottom layer, middle layer, and top layer were stacked and aligned. Next, cellulose acetate (Cheap Joe's, Boone, NC) and cyclic olefin copolymer (Topaz, KY) were layered on top of the devices to distribute pressure and limit channel collapse. The devices were pressed using a hot press (Carver, Wabash, IN) together at a pressure of 3000 lbs for 40 min at 908C. Finally, mixed culture and co-culture devices were plasma treated (Diener Electronic, Ebhausen, Germany) at 30 sccm (cubic centimeters per minute), 60 W, 30 s to modify the surface for cell culture. These devices are available to the research community through the University of Wisconsin-Madison Microtechnology Medicine Biology Lab foundry.
CARNEY ET AL.
Cell Culture
The urogenital ridge, including whole gonad and mesonephros was harvested between E13.5 and E15.5 and dispersed as previously described. Mixed cell cultures were plated at a cell density of 25 000 cells/15 ll well, based on studies previously performed [36] and our own density studies to determine optimal cell seeding density in microculture. For the co-culture systems, cells were dispersed and submitted to FACS to separate cells into fetal Leydig cell (FLC; TR hi/GFP hi) and remaining cell (RC; TR lo/GFP hi; TR hi/ GFP lo) populations. Cells negative for both TR and GFP were not collected. The RC population was plated at a cell density of 20 000 cells/10 ll in the outer horseshoe-shaped ring, and the FLC were plated at a cell density of 1000 cells/ 10 ll in the center channel. Medium consisted of DMEM with 10% fetal bovine serum and 100 U/ml penicillin-streptomycin and was collected every 24 h and stored at À208C until processed for steroid measurements. To prevent evaporation during culturing, the microfluidic devices were placed inside a tray containing 1 mL of 1:1 distilled water/13 phosphate-buffered saline, which was placed in a larger humidified tray containing distilled water and incubated at 378C with 5% CO 2 .
Immunohistochemistry
Male urogenital ridges were fixed overnight in 4% paraformaldehyde at 48C, dehydrated in an ethanol gradient, cleared in xylene, and embedded in paraffin blocks. Sections were heated to 628C to remove wax and then rehydrated prior to treatment with blocking serum (phosphate-buffered saline/ 0.5% Triton X-100 with 5% donkey serum) for 1 h at room temperature. The primary antibodies, anti-mouse 3b-HSD (1:1000 dilution; kindly provided by Ken-Ichirou Morohashi, Kyushu University, Japan) and anti-GFP biotin (1:75 dilution; Abcam, Cambridge, UK) were incubated overnight at 48C followed by incubation at room temperature with secondary antibodies for 1 h. Secondary antibodies included mouse anti-biotin (1:75 dilution; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) goat anti-rabbit immunoglobulin G (IgG) rhodamine (1:300 dilution; Pierce, Rockford, IL). Slides were counterstained with DAPI and mounted with antifade mounting medium (phosphate-buffered saline containing 80% glycerol and 0.2% n-propyl gallate) on glass coverslips. Fluorescent images were captured on a E600 fluorescent microscope (Nikon, Tokyo, Japan) using a QcamFast 1394 camera (QIimaging, Surrey, BC, Canada) and software; images were processed using Photoshop (Adobe, San Jose, CA) and Image J software (National Institutes of Health, Bethesda, MD). Individual 3b-HSD positive and GFP-positive cells were counted in their respective channels using Image J software. Entire fields of 14 stained E16.5 testis sections from 3 different animals were counted. Ratios of GFP þ /3b-HSD þ cells were calculated, and the averages 6 SD were reported.
Immunocytochemistry
Cultured cells were fixed for 10 min with ice-cold methanol. The cells were washed 3 times and incubated with 3% hydrogen peroxide for 10 min. Vectastain Elite ABC kit rabbit IgG (Vector Laboratories, Burlingame, CA) was used as indicated by the manufacturer and primary antibody anti-mouse 3b-HSD (1:1000 dilution; Ken-Ichirou Morohashi, Kyushu University, Japan) or anti-goat Müllerian Inhibitory Substance (MIS; 1:250 dilution; Santa Cruz Biotechnology, Dallas, TX) was used and stained with 3,3 0 -diaminobenzidine (DAB) peroxidase substrate kit (Vector). Brightfield images were captured with an Eclipse TS100 microscope using a Digital Sight DS-L1 camera and software (Nikon); images were processed using Photoshop software (Adobe). Images were taken at 103 magnification, and the total number of cells were counted using Image J software (NIH). Cells were counted in five 20 000 square pixel boxes chosen by a random generator within the software program. The average number of total cells was calculated from the five boxes and then multiplied by the total number of boxes within the entire image. The percentage of 3b-HSDpositive cells was determined by counting the total number of stained cells as a percent of the total number of cells within the image. Results were reported as the average percentage of 3b-HSD-positive cells 6 SD from at least 11 images from 3 different culture samples.
Testosterone ELISA
Samples of medium were collected from each culture device daily and pooled in triplicates. Testosterone ELISA was then performed as previously described [37] . Briefly, Immunosorb 96-well plates (Nunc, Kamstrump, Denmark) were coated with goat anti-mouse immunoglobulin. Next, a mouse antibody against testosterone was added (Biostride, Redwood City, CA). Media samples were then added to plates and allowed to bind for 1.5 h after which horseradish peroxidase (HRP)-conjugated testosterone was added and allowed to compete for antibody binding. Following a wash, 3,3 0 ,5,5 0 -tetramethylbenzidine was added to quantify HRP activity. HRP-conjugated testosterone was a kind gift from Dr. Milo Wiltbank, University of Wisconsin-Madison, Madison, WI. Optical density was analyzed using a microwell plate reader (Versa Max; Molecular Devices, Sunnyvale, CA) at wavelengths of 450 nm and 650 nm.
Androstenedione ELISA
The androstenedione ELISA kit (Alpco, Salem, NH) was used according to protocols provided by the manufacturer. The 25-ll calibrator curve samples and medium samples were placed in duplicates into a rabbit anti-androstenedionecoated 96-well plate with 100 ll of androstenedione-HRP conjugate. The plate was incubated at room temperature for 1 h. After being washed, 3,3 0 ,5,5 0 -tetramethylbenzidine was added to quantify HRP activity, and stop solution was added after 15 min. Optical density was analyzed using a microwell plate reader (Versa Max; Molecular Devices) at wavelengths of 450 nm and 650 nm.
Statistical Analysis
Statistical analyses were performed using Excel (Microsoft, Redmond, WA) and Prism version 4.0 software (GraphPad Software, Inc, La Jolla, CA).
RESULTS
Genetic Approach Facilitates Labeling and Isolation of Fetal Leydig Cells
The first challenge to studying fetal Leydig cell biology is the ability to isolate the cells, given their small population size. A genetic approach was used to identify the fetal Leydig cell population within developing testes. Cyp11a1-Cre mice [33] were bred to mT/mG reporter mice [32] to cause excision of membrane-tagged tandem-dimer TR (mT) followed by expression of membrane-tagged enhanced GFP (mG) within steroidogenic cells. Endogenous fluorescence was visualized in whole gonads and adrenal cells under a dissecting microscope, which exhibited diffuse mT with punctate mGemitting cells (Fig. 1A) . Immunohistochemistry using antibod- 
Ddx4
GCACACGTTGAATACAGCGGGGAT TGGGAGGAAGAACAGAAGAACAGG [ 
23] Sox9
AGTACCCGCATCTGCACAAC TACTTGTAATCGGGGTGGTCT [64] FETAL LEYDIG CELL MICROENVIRONMENT IN PRIMARY CULT FIG. 1. Cyp11a1-Cre;mT/mG embryos express GFP within steroidogenic cells of the fetal testis and adrenal gland. Cyp11a1-Cre and mT/mG mice were bred to facilitate excision of membrane-tagged tomato red (mT) and expression of membrane-tagged GFP (mG) in steroidogenic cells. A) Testes and adrenals were harvested from Cyp11a1-Cre;mT/mG embryos at embryonic Day 16.5 (E16.5) and immediately visualized under a fluorescent dissecting microscope. Endogenous mG and mT fluorescence were documented, and the merged image was produced using Image J software (m ¼ mesonephros; t ¼ testis; a ¼ adrenal gland). B) Testes were harvested from Cyp11a1-Cre;mT/mG embryos at the indicated time points, fixed, and processed in paraffin for immunohistochemistry. Double-labeled immunohistochemistry was achieved using antibodies against GFP (green) and 3b-HSD (red). Blue represents DAPI-stained nuclei. Merged images were produced using Image J software (bar ¼ 100 lm).
ies against 3b-HSD and GFP was performed to validate mG expression within fetal Leydig cells as early as E13.5 and maintained into adulthood (Fig. 1B and data not shown). At E13.5, there were some cells positive for GFP but not 3b-HSD, reflecting the lag in expression of Hsd3b from Cyp11a1 (Fig.  1B) . By E16.5, all cells positive for GFP were also positive for 3b-HSD and detected within testis interstitium (102% 6 20% GFP þ /3b-HSD þ cells counted). Sections exposed to blocking solution without antibodies served as a control to verify that endogenous GFP was not visible within paraffin immunohistochemistry assays (Supplemental Fig. S1 ; Supplemental Data are available online at www.biolreprod.org).
Based on endogenous and immunohistochemistry results, we hypothesized that membrane-tagged fluorescence could be used to sort cells into fetal Leydig cell (mG) and all other cell populations (mT), using FACS. Initial attempts that gated high-GFP (GFP hi) versus high tomato red (TR hi) did not distinguish the fetal Leydig cell population, as evaluated by qPCR (data not shown). It was then noted that cells expressing high GFP could be refined into two distinct populations, TR hi/GFP hi and TR lo/GFP hi. These high-GFP populations were further separated from the low-GFP-expressing population (TR hi/GFP lo) ( Fig.  2A) . Quantitative PCR using primers specific to fetal Leydig cells (Star, Hsd3b1, Cyp17a1, Sf1), Sertoli cells (Sox9, Mis, Dhh, Hsd17b3), other interstitial cells (Pdgfra), and germ cells (Ddx4) along with statistical analyses of the results showed significant differences and was used to help identify major cell types within each cell population ( Fig. 2B ; Supplemental Table  S1 ). Results indicated that the TR hi/GFP hi cell population was enriched in fetal Leydig cells. The TR lo/GFP hi cell population was deemed to consist of Sertoli and other interstitial cells and that the TR hi/GFP lo cell population included germ and other cells. Altogether, these data showed that the current breeding scheme could be used to successfully identify and isolate fetal Leydig cells from developing mouse testes.
Testosterone Is Produced in Mixed Cell Monolayer Culture
Another major challenge to studying fetal Leydig cells is the ability to successfully culture them. Based on the knowledge that testosterone is synthesized via cooperation between fetal Leydig and Sertoli cells [23, 24] and other local signaling controls [19, 22] , we hypothesized that the fetal Leydig cell microenvironment defined their capacity for androgen production. We engineered microfluidic channels to facilitate culture of small numbers of cells by adapting channel designs and culture conditions established in our laboratory [38] to develop a unique microchannel platform for primary testis cell culture. All cell types isolated from the male urogenital ridge (testes plus mesonephros) were seeded as a mixture within the microchannels, allowing cell-cell contact as a means to optimize conditions for local signaling within an in vitro setting. Cells from Cyp11a1-Cre;mT/mG urogenital ridges were harvested between E13.5 and E15.5, dispersed and washed, and then plated into 10 mm 2 PS single microchannels in 15 ll of medium (Fig. 3, A-C ). Cells were plated at an optimum density of 25 000 cells/channel based on calculations from previous gonad culture models [36] and our own cell density studies (data not shown). Cells maintained viability for up to 5 days (data not shown). Fetal Leydig cells were visualized using immunocytochemistry (ICC) with antibodies against the steroidogenic enzyme 3b-HSD for at least 3 days in culture, few 3b-HSD-positive cells remained by Day 5 in culture (Fig. 3, D-F) . The number of 3b-HSD-positive cells were quantified after 24 h in culture and calculated to an average 1.8% 6 0.6% fetal Leydig cells relative to the Urogenital ridges were harvested from Cyp11a1-Cre;mT/mG male embryos between E13.5 and E15.5, dispersed, and sorted by FACS. A) Cells were sorted into distinct populations depending on levels of membrane-tagged tomato red (TR) expression versus membrane-tagged GFP (GFP) expression. Boxes represent gates that were used to separate cells into TR lo/GFP hi, TR hi/ GFP hi, and TR hi/GFP lo populations. B) RT-qPCR was performed using RNA harvested from TR hi/GFP lo (black bars), TR lo/GFP hi (white bars), and TR hi/GFP hi (gray bars) cell populations. The y-axis represents fold change of transcripts present in each population relative to the TR hi/GFP lo population. Specific genes were analyzed to represent the fetal Leydig (Star, Hsd3b1, Cyp17a1, Sf1), Sertoli (Hsd17b3, Sox9, Dhh, Mis), other interstitial (Pdgfra), and germ (Ddx4) cell populations. Results are shown as the average fold change 6 SEM from at least three independent experiments. Statistics are reported in Supplemental Table S1 .
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remaining testicular cells. This number is less than the range of 4%-8% of fetal Leydig cells previously calculated to be present within developing testes, but cells from the mesonephros are also included in the dispersed cell population [39, 40] .
The entire volume of medium was collected from each channel and replaced every 24 hours to measure testosterone accumulation. Fetal Leydig cells actively produced androgens for 3 days in culture, although steroidogenesis declined over time. Little testosterone was detected after 4 and 5 days, corresponding to ICC results (Figs. 3F and 4) . Cultures were treated with 20 ng/ml human chorionic gonadotropin (hCG) to maximize active steroid production. Luteinizing hormone receptor was detected as early as E13.5 by quantitative PCR, indicating that the means were present to respond and amplify steroid production (Supplemental Fig. S2 ). No differences in testosterone production between vehicle and hCG-treated cells were detected after 24 h in culture; however, significant increases were measured thereafter (Day 2: P , 0.05; Day 3: P , 0.005) (Fig. 4) . 
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TR lo/GFP hi, referred to as the RC population) using FACS and seeded into microchannels. Co-culture microfluidic devices were designed to facilitate high-density culture of few fetal Leydig cells and to physically separate fetal Leydig cells from other cells but maintain soluble factor contact via shared medium (Fig. 5, A and B) . This was achieved by incorporating a diffusion channel (Fig. 5A, purple shading) between the two culture compartments. The design ensured that cells could be seeded selectively into each compartment while allowing shared medium through the 50-lm-tall diffusion channel. Co-culture devices were plated with fetal Leydig cells within the central well (FLC, 1000 cells/well) and remaining cells within the outer horseshoe-shaped channel (RC, 20 000 cells/well) together (co-culture) (Fig. 5C ) or individually (FLC alone, RC alone). Immunocytochemistry against 3b-HSD was performed in each well to validate cell purity and identity over time. Results showed that the central wells (FLC) contained almost exclusively 3b-HSD-positive cells that retained their expression for at least 5 days; however, positive staining was present but substantially decreased in many cells by Day 5 (Fig. 5, D-F) . No MIS-positive cells were identified in the FLC population on Day 1 of culture (Supplemental Fig. S3 ). Remaining cell cultures were interrogated for 3b-HSD and no positive cells were detected (Fig. 5,  G-I) .
The entire volume of medium was collected and replaced daily to measure testosterone and androstenedione accumulation during culture. Mixed cultures in which fetal Leydig cells were in physical contact with supporting cells produced significantly more testosterone than cultures in which fetal Leydig and supporting cells were in medium contact only (compartmentalized co-culture) after Day 1 (P , 0.005) (Fig.   6A ); this trend continued to Day 2 (P ¼ 0.1) and was no longer observed by Day 3 (P ¼ 0.5) (Fig. 6A) . Notably, medium from compartmentalized co-culture devices harbored significantly more testosterone after Days 4 and 5 in culture than mixed culture medium (Day 4: P , 0.001; Day 5: P , 0.05) (Fig.  6A) . Androstenedione was measured to evaluate fetal Leydig cell contributions to the differences in testosterone production. There was a trend toward increased androstenedione accumulation in mixed cultures on Days 1 and 2 (P ¼ 0.1 Day 1; P ¼ 0.06 Day 2), which was lost by Day 3 (Fig. 6A) . By Days 4 and 5, however, there was significantly more androstenedione accumulation in mixed cultures, whereas most values from coculture samples were below the limit of detection of the assay (Fig. 6A) . Rapid declines in steroid measurements prompted qPCR evaluation of cell-specific markers over time in culture in conjunction with immunocytochemistry (ICC) imaging. Results showed relatively stable levels of transcripts for fetal Leydig cell markers (Cyp17a1, Cyp11a1, Sf1), Sertoli cell marker (Sox9), and other interstitial cells (Pdgfra) over time in mixed culture over 5 days and remaining cell culture over 3 days (Supplemental Fig. S4) .
To validate the purity of the sorted cells in culture, we measured androgens in fetal Leydig cell monocultures and cultures lacking fetal Leydig cells (RC cultures). Fetal Leydig cells are known to produce androstenedione, which is presented to Sertoli cells for final conversion to testosterone [23, 24] . Thus, as expected, fetal Leydig cell monocultures produced undetectable levels of testosterone but very high levels of androstenedione over 3 days in culture, suggesting a highly purified cell population (Fig. 6B) . Remaining cell cultures synthesized relatively high levels of testosterone after 1 day in culture, but testosterone accumulation rapidly declined in this cell population compared to that in co-cultured cells, verifying the requirement of the fetal Leydig cell population to maintain testosterone synthesis in co-culture (Fig. 6C) . Finally, mixed culture populations were treated with a steroidogenesis inhibitor, abiraterone, to verify that active steroid metabolism was occurring in culture. Results showed significant depletion in testosterone accumulation over time in culture (Fig. 6D) . Together, these data indicate that active androgen synthesis occurred in both mixed and co-culture platforms and that fetal Leydig cells could maintain activity whether in direct cell-cell contact or in medium only contact with other testicular cells.
DISCUSSION
Although the bulk of steroidogenic events within the embryonic testis occur within fetal Leydig cells, the final step transpires within Sertoli cells, where the 17b-HSD3 enzyme is expressed and converts fetal Leydig cell-derived androstenedione to testosterone [23, 24] . Recent reports suggest that besides Sertoli cell enzyme activity, local signals including desert hedgehog, ligand for platelet-derived growth factor receptor alpha, notch, and factors derived from local endothelial cells, among other yet unknown factors, work together to regulate testosterone production within the developing testis [7, 11-13, 19, 21, 22] . These data suggest that the microenvironment of fetal Leydig cells determines optimal steroidogenic capacity. We used a combination of genetics and microfluidic culture technology to evaluate microenvironment effects on fetal Leydig cell activity in primary culture. First, we reported successful isolation of fetal Leydig cells from developing murine testes, made possible by taking advantage of Cre-loxP recombination technology. Cyp11a1-Cre mice were bred to mT/mG dual reporter mice to generate fetal Leydig cell-specific expression of membranetagged GFP (mG). Cyp11a1-Cre;mT/mG embryonic testes were dispersed and subjected to FACS, where mG-positive fetal Leydig cells were isolated and subsequently placed into culture. These results support previous reports that fetal Leydig cells could be isolated using enhanced GFP expression caused by a transgene driven by a fetal Leydig cell-specific enhancer for the Sf1 gene [23] . Next, we developed microfluidic culture devices that enabled primary culture of fetal Leydig cells in direct cell-cell contact or in isolation but with shared medium contact with other testicular cells. Our results showed that fetal Leydig cells could be maintained in primary culture and that both androstenedione and testosterone were synthesized in both scenarios. Relative amounts of steroidogenesis differed between mixed and co-culture conditions. These data suggest that optimum steroidogenesis occurs as a result of complex multifactorial events that include direct cell-cell contact and integration of soluble signals.
Establishing Purity of Isolated Fetal Leydig Cells
Cyp11a1-Cre mice were made by targeting a GFP-Cre vector into the endogenous Cyp11a1 locus [33] . Cytoplasmic GFP expression was expected but undetectable after visualization under a fluorescence microscope or via IHC at any age in these mice [33] . As a precaution, however, we chose to breed Cyp11a1-GFP-Cre (herein referred to as Cyp11a1-Cre) mice to the mT/mG reporter line so that the membrane-tagged GFP (mG) would be expressed along with cytoplasmic GFP in fetal Leydig cells of Cyp11a1-Cre;mT/mG embryos. By E16.5, quantification of IHC-stained cells determined that the efficiency of Cre-mediated GFP expression approached 100% of 3b-HSD-positive steroidogenic cells. Surprisingly, however, FACS analysis uncovered two cell populations that expressed high levels of GFP (GFP hi) that were distinguished by levels of mT (TR hi versus TR lo) expression. As a result, three populations of cells were identified using FACS: TR hi/GFP hi, TR lo/GFP hi, and TR hi/GFP lo. It has been reported that Cyp11a1 transcripts can be detected in developing gonads by in situ hybridization as early as E11.5 [41] , suggesting that other precursor cell types were briefly exposed to Crerecombinase, which would help to explain two GFP hi cell populations. Notably, fetal Leydig cells would not have differentiated by this time.
Results from qPCR facilitated differentiation between the two GFP hi populations. The fetal Leydig cell population was distinguished by hi TR expression (TR hi/GFP hi), whereas the other GFP-hi population expressed little TR, which allowed discrimination of another cell population that included Sertoli cells (TR lo/GFP hi). Sertoli cells are the first cells to differentiate within fetal testes (by E11.5), and a recent report that evaluated Cyp11a1-Cre activity documented GFP within Sertoli cells in adult testes [33] , supporting early Cre activity. Statistical analyses supported the distinction between the two GFP-expressing populations. We noted discrepancies in colocalization of 3b-HSD and GFP over time. At E13.5, some cells exhibited positive GFP staining but lacked staining for 3b-HSD. This was attributed to a lag in robust expression of Hsd3b1 behind that of Cyp11a1 [41] [42] [43] . Later, however, all GFP-positive cells were also positive for 3b-HSD. Thus, although GFP expression was not perceived within Sertoli cells by IHC, it was detected by FACS in this study but confined to the TR lo population.
Once fetal Leydig cells were localized to the TR hi/GFP hi population by qPCR, several steps were taken to assess their purity and activity. ICC results showed that fetal Leydig cell monocultures expressed the steroidogenic enzyme 3b-HSD but not Sertoli cell-derived MIS. Meanwhile, remaining cell cultures were negative for 3b-HSD. Finally, differential cell culture paradigms showed the requirement for both fetal Leydig and Sertoli cell populations for testosterone synthesis. Most notably, fetal Leydig cell monocultures produced substantial amounts of androstenedione but no testosterone was detected. Based on the results from this multistep approach, we concluded that the fetal Leydig cell population was successfully isolated and cultured.
Microfluidic Culture Devices Facilitate Culture of Primary Fetal Leydig Cells
A significant barrier to studying fetal Leydig cells is the ability to evaluate and manipulate this small population of cells under culture conditions. Traditional transwell co-culture systems facilitate culture of two cell populations with the bottom layer of cells typically plated on plastic and the top layer of cells placed on a porous material to facilitate reciprocal signaling in medium. Transwell systems are not always optimal for co-culture because soluble factors are diluted in relatively large culture volumes. In contrast, microfluidic co-culture methods offer increased sensitivity over transwell systems due to higher surface area-to-volume ratios and reduced diffusion distances between culture compartments [29, 30] . Importantly, here we also demonstrated an additional advantage of microco-culture in the ability to design culture compartments with surface areas tuned to reflect the relative proportion of fetal Leydig cells and supporting cells. Because fetal Leydig cells made up only 4%-8% of the total cells in the testis [39, 40] , we designed a microfluidic co-culture platform with a larger outer horseshoe-shaped channel (for remaining cells) surrounding a smaller central well (for fetal Leydig cells). Microchannels 6 . Fetal Leydig cells make androstenedione in isolation and contribute to testosterone production in both mixed and compartmentalized co-culture microfluidic devices. Androstenedione and testosterone were measured in medium collected from microfluidic channels over 3-5 days. A) Testosterone and androstenedione concentrations were compared between mixed and co-culture samples over five days. (Inset) Steroid measurements were graphed again with a new scale to highlight differences during later stages of culture. B) Androstenedione and testosterone concentrations were measured from medium from fetal Leydig cell monocultures over 3 days in culture. C) Testosterone levels were compared between co-culture and remaining cell (RC, no fetal Leydig cells) cultures over 3 days in culture. Data are average 6 SE values from at least three biological replicates. D) Testosterone was measured after control or abiraterone treatment of mixed cultures over 3 days in culture. Student's t-test was used to compare either testosterone or androstenedione measurements in mixed versus co-culture samples (A); testosterone measurements in co-culture versus RC cultures (C); and testosterone measurements in control versus abiraterone-treated mixed cultures (D); #P , 0.1; *P , 0.05; **P , 0.01; ***P , 0.005; ****P , 0.001; §most samples in co-cultured samples were below the limit of detection).
were designed with both volume and geometry in mind to maximize exposure to cell-produced soluble factors in the context of a mixed population of cells and in physically separated co-cultured cells that share common medium. Microfluidic co-culture devices have been instrumental in advancing studies of local events that occur between two or more cell types; examples include the ability to isolate cellspecific paracrine signals that promote prostate tumor cell growth [29] , to test whether dynamic hormone receptor activity can be used as a biosensor to predict microenvironmental activity within breast cancer cells [44] , and to facilitate paracrine signaling between lung fibroblasts and fibrosarcoma cells that was not detectable using conventional culture methods [45] . Our results show that microfluidic culture devices could be used to culture primary fetal Leydig cells and differentiate their activity in the presence of direct cell-cell contact versus indirect cell contact via shared medium.
Maintenance of Fetal Leydig Cell Activity over Time in Culture
High levels of testosterone were measured after Day 1 in culture with a marked decrease thereafter. Maintenance of testosterone production has been a chronic limitation in cultures of primary adult Leydig cells. Various strategies have been used by several laboratories to extend Leydig cell function, including a reduction in oxygen tension [46, 47] , treatment with varying concentrations of luteinizing hormone [47, 48] , addition of fetal calf serum or supplementation with serum lipoproteins to medium [47, [49] [50] [51] [52] . Not surprisingly, our cultures of fetal Leydig cells suffered the same limitation in maintenance of androgen production under culture conditions that included 10% fetal bovine serum. Although our ICC results showed loss of fetal Leydig cell identity, qPCR data indicated that fetal Leydig, Sertoli, and other interstitial cells maintained relatively stable expression of key marker genes over time, indicating that cell identity remained steady. Another factor to consider, which was not tested, was that the relative ratios of steroidogenic enzyme activity could have been disrupted over time, causing changes in the pathways leading to androgen synthesis. We also noted a profound increase in the number of mesenchymal cells over time in culture. Taken together, we concluded that decreased steroidogenic activity was attributed to decreased stability of steroidogenic enzymes or destabilization of steroid metabolism pathways in addition to robust proliferation of mesenchymaltype cells over time in culture. Thus, culture conditions must be further optimized to boost activity of critical cell types to facilitate prolonged steroidogenesis.
Testosterone levels were relatively high on Day 1 in mixed and remaining cell cultures. Furthermore, mixed culture samples were unresponsive to hCG stimulation on Day 1. These findings were attributed to two potential causes. First, it is plausible that at this low level of androgen synthesis (pg/ml), DHEA or androstenedione precursors were essentially stored throughout cellular lipid compartments (in all cell membranes and in cytoplasmic lipid droplets) to feed the steroidogenic pathway in a manner independent of agonist stimulation [53] . Second, cells on Day 1 failed to respond to hCG treatment because membrane receptor-mediated signaling was temporarily suppressed due to the trauma of cell isolation. This uncoupling has been shown to occur in bovine adrenocortical cells after cAMP or phospholipase C stimulation in primary culture [54, 55] . Ultrastructure analysis of bovine adrenal cells by electron microscopy also showed a need for 24-48 hours for cellular ultrastructure to recover. After Day 1, the loss of stored substrate is reflected in lower steroid output, but of note, on Days 2 and 3, the ratio of steroid products remained the same and degree of hCG stimulation remained the same, indicating that coupling was restored and remained consistent as time progressed.
The decline in testosterone synthesis within the first 3 days prompted concern that steroid measurements reflected metabolism of androgens rather than active steroidogenesis. To address this concern, cultured testicular cells were exposed to either hCG or abiraterone treatment to manipulate steroidogenic activity. Fetal Leydig cells responded to hCG treatment with an average 3-fold increase in testosterone measured on Days 2-5. Furthermore, treatment with the CYP17A1 inhibitor abiraterone caused 60%-80% decrease in testosterone accumulation over time in culture. These results provided evidence that fetal Leydig cells had the capacity for active androgen synthesis even as testosterone levels were declining over time in culture.
The dramatic differences in testosterone levels between mixed and co-culture platforms after Day 1 were attributed to differences in cellular manipulation (dispersal alone versus dispersal plus FACS) and the increased physical distance between fetal Leydig and Sertoli cells whereby cell-cell contact facilitated significantly higher testosterone conversion than cells that only shared medium contact. Steroid measurements were compared between mixed and co-culture conditions over time; however, it must be recognized that there were fundamental differences between the two paradigms, and thus, a direct comparison must be made with caution. Co-cultured cells were submitted through FACS prior to plating, which presented unknown stress to cells. In addition, the remaining cell population contained TR hi/GFP lo and TR lo/GFP hi populations and were co-cultured with the fetal Leydig cell (TR hi/GFP hi) population. There were cells that were doublenegative for TR and GFP fluorescence, which represented an unknown population and were not included. Cell populations known to be critical for testis differentiation (Leydig, Sertoli, peritubular myoid, germ, and other interstitial cells) were present within the three gated cell populations and thus were the only populations used for co-culture. There is a possibility that the double-negative cell population could contribute to androgen synthesis, but this was not tested. Next, because of the different surface areas available within the two different microfluidic devices, relative numbers of cells seeded into mixed and co-culture conditions were slightly different. Mixed cultures were seeded at 25 000 cells/15 ll of medium with fetal Leydig cells, representing ;1.8% of the total cell population. Co-culture devices were plated with 20 000 remaining cells/10 ll in the outer horseshoe ring and 1000 fetal Leydig cells in 10 ll within the central well, thus approximating 5% of the total cell population (total, 21 000 cells/20 ll of medium). After taking into account differences of the physical parameters within culture devices and evaluating the results from steroid measurements, we concluded that the biology occurring through the steroidogenic pathways were responding in a similar manner between the two paradigms, especially as cells recovered in culture (by Day 2). Based on our results, we believe that the mixed and co-culture systems each provide a unique platform that could be used to ask distinct biological questions.
Although other studies have reported that testosterone synthesis occurred only when fetal Leydig cells were cocultured with Sertoli cells, the level produced was low, especially compared to adult Leydig cells [23] . One potential explanation was that fetal testes produced predominantly androstenedione rather than testosterone; however, previous FETAL LEYDIG CELL MICROENVIRONMENT IN PRIMARY CULT studies have shown that testosterone is the primary androgen synthesized in fetal mouse testes [56] . Alternatively, another more likely explanation is that other fetal testicular cells contribute important signals to maximize testosterone production. Our data indicated that androstenedione levels were consistently higher in medium from isolated fetal Leydig cells than from fetal Leydig cells cultured in mixed or co-culture conditions, supporting previous reports [23] . Notably however, testosterone levels were higher than those of androstenedione (20 000 pg/ml testosterone vs. 9000 pg/ml androstenedione) in mixed culture on Day 1, but the reverse was true under coculture conditions (3000 pg/ml testosterone vs. 9000 pg/ml androstenedione). The obvious differences between these two models was that mixed culture conditions allowed direct cellcell contact, whereas co-culture conditions allowed shared medium contact but considerable distance between fetal Leydig and remaining cells. Recently, other interstitial cells have emerged as critical players that together with endothelial cells organize testis morphogenesis and regulate fetal Leydig cell differentiation [22, 57, 58] . Thus, although our mixed culture system failed to recapitulate native cell-cell interactions, direct interactions were still present to facilitate more efficient conversion to testosterone. We attributed inefficient androstenedione conversion to testosterone within co-culture conditions to the lack of cell-cell contacts and increased physical separation between fetal Leydig and other testicular cells. Despite these barriers, substantial testosterone was still produced. Taken together, we concluded that the triad of direct cell-cell contact between interstitial-fetal Leydig cells, exposure to soluble factors, and the presence of Sertoli cells were required for optimal testosterone synthesis within fetal testes.
In summary, we developed technological advances to enable primary culture of murine fetal Leydig cells. Key features included a genetic approach that facilitated identification and isolation of fetal Leydig cells and development of culture platforms that compartmentalized small populations of cells in controlled microenvironments that better reflected physiological conditions and enabled cell-cell interaction studies. Looking forward, we plan to extend our studies into a highthroughput format by integrating our microfluidic devices with robot technology developed in our laboratory [59, 60] . With this technology in hand, we can begin meaningful analyses of these elusive cells and forge our path toward discovering molecular targets of fetal testis steroidogenesis so that we may prevent and treat disorders of masculinization that impact both fetal and adult male health.
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